We demonstrate polymeric electrically programmable read-only-memory elements based on camphorsulfonic-acid-doped polyaniline lines. Their working mechanism relies on irreversible reduction of the electrical conductivity by Joule heating like electrical safety fuses. The heating power is supplied electrically. The critical power required to "blow up" the fuse is strongly reduced by notches. The influence of the notch design can be predicted reasonably well using a simple thermal model. The critical power becomes less than 1 mW for fuses with notches narrower than 2 m. This power can be delivered by organic transistors already at modest voltages, opening the way of integration of these memory elements in all-polymer circuits.
I. INTRODUCTION
Organic electronic integrated circuits have been put forward for low-end, high-volume applications such as smart cards or radio-frequency price and identification tags. [1] [2] [3] Recently, we reported a technology for fabrication of all-polymer integrated circuits. 2, 3 In this approach, all device layers are processed from solution by spin-coating and patterned using photolithographic techniques. Electrodes and interconnect lines are made from organic polymer conducting materials, such as polyaniline doped with camphorsulfonic acid (PANI/CSA) [1] [2] [3] and poly (3,4-ethylenedioxithiophene) stabilized with poly(styrene-4-sulfonic acid). [4] [5] [6] The technology has been demonstrated with 15-bit mechanically programmable code generators that contain an on-board clock generator, a 5-bit counter, decoder logic, and 15 programming pads. 3 The digital code is stored in vertical PANI/CSA-isolator-PANI/CSA capacitors. An intact capacitor represents a Boolean 0, whereas a short-circuited (conducting) capacitor represents a Boolean 1. The data bits can be programmed either during manufacturing through mask design or afterwards by mechanically punching through intact capacitors to make them conducting. Both concepts are undesirable from the user's point of view, and hence no viable organic programming method exists to date. Here we present an electrically programmable read-only element that fills this void. The memory can be integrated in a code generator without additional processing steps.
II. EXPERIMENTAL RESULTS
The operation of the memory elements is based on irreversible breakdown of the conductivity of PANI/CSA lines. In Fig. 1 , we have plotted as a typical example I-V characteristics of a 200-m-long, 2-m-wide PANI/CSA line. It was made by photochemical patterning of PANI/ CSA films as described previously. 3 A four-point probe geometry was used to minimize the effect of contact resistances between probe needles and the PANI/CSA contact pads in the measurements.
In the first forward sweep, the current increases linearly with applied voltage. Thus, the line resistance is constant with a sheet resistance of approximately 6 k⍀ᮀ. At higher voltages, the current increase is less than linear with the applied voltage. At a critical voltage (V c ) of 63 V, the current irreversibly drops more than three orders of magnitude. Upon further sweeping the voltage to 100 V and back to 0 V, the line resistance remains constant but now with a sheet resistance of 40 M⍀ᮀ. Similarly shaped I-V curves were observed for PANI/CSA lines ranging in width from 20 to 1 m. Thus, the PANI/ CSA line behaves as an electrical safety fuse.
The possibility to electrically interrupt PANI/CSA lines was inferred from a previously observed irreversible increase of the resistance of a PANI/CSA film when heated in ambient atmosphere using a hot stage. 5 It was found that following a small initial resistance increase, a strong super-linear increase of more than three orders of magnitude within a range of roughly 30°C occurred upon heating above 150°C. Hence, the interruption mechanism can be understood to be due to resistive electrical heat dissipation of the PANI/CSA line when a voltage is applied. Then, if the electrically dissipated power is much larger than the thermal power transferred to the line's surroundings, a temperature rise within the line, concomitant with increase of its resistivity, will occur. It is now a prerequisite that this resistivity increase with temperature be super-linear, as otherwise, simple current damping during resistance increase will eventually prevent conductivity interruption. Indeed, the super-linearity prerequisite is fulfilled by the PANI/CSA material. 5 It is now likely that the heat transfer from the line to its surrounding is minimal in the center of the line, and therefore this part is most likely to become a hot spot prone to degradation. Inspection of PANI/CSA lines using visible microscopy and scanning electron microscopy (SEM) revealed that the increase in resistance runs parallel with the appearance of a local spot near the center of the line in which the PANI/CSA appeared to be degraded, but not removed (Fig. 2) . This corroborates the mechanism explained.
The characteristics shown in Fig. 1 reveal that the line shown in Fig. 2 interrupts at a critical voltage of 63 V, when 6 mW electrical power is dissipated. For practical applications, these values are too high. To reduce them, we designed, fabricated, and measured end tapered fuses with a top view geometry as presented in the inserts of Figs. 3 and 4. They consist of a notch described by a specific length (L), width (W), and taper angle of 90°. The length was nominally varied between 2 and 100 m, and the width between 0.5 and 5 m. These dimensions were not corrected for under-or over-etching during processing. SEM measurements have shown that actual PANI/CSA lines can be up to 0.5 m smaller than the nominal line width.
The critical voltages (V c ) and critical currents (I c ) at which the fuses interrupt were measured by sweeping the voltage from -0.01 V to -100 V and back in 80 logarithmic incremental steps using a Hewlett-Packard 4155 semiconductor parameter analyzer and a four-point probe measurement geometry. The measurement time was 120 ms per point.
The measured critical currents, voltages, and powers are presented in Figs. 3 and 4 as a function of L and W, respectively. The drawn lines are calculated using a thermal model that will be discussed below. Figure 3 
With a variation of less than 20%, I c is substantially independent on the length. From Fig. 3(b) , the critical voltage is shown to increase with the length of the fuse. The short fuses of nominal 5 m interrupt at about 5 V, whereas 40 V are needed to interrupt long fuses of 100 m.
The critical power (P c ), the product of critical current and voltage, is plotted in Fig. 3(c) and increases almost linearly with increasing fuse length. A power of around 3 mW is needed to interrupt 100-m-long fuses, whereas a power of about 0.5 mW is sufficient to interrupt the shortest fuses of nominal 5 m. These power levels can be delivered by a state-of-the-art polymeric field-effect transistor; for instance, one with a charge mobility of 10 −1 cm 2 /V, channel length and width of 2 m and 2 mm, respectively. Furthermore, the fuse can be directly incorporated into either the source-drain or gate PANI/ CSA electrode layer without the need for additional masks and process steps.
As Fig. 4 shows, reducing the width of the notch can decrease the critical current even further. This illustrates that application of smaller feature sizes could be worthwhile. In our technology, however, it leads to reliability and yield problems due to the aforementioned under or over-etch. 
III. MODELING AND DISCUSSION
To explain the functional dependencies of the electrical parameters on the fuse dimensions and to estimate their absolute values, we use a simple static thermal model. Herein the fuse is treated as a thin heating element on top of a thermally poor conducting substrate that acts as a heat sink. When electrical power is dissipated within the fuse, the temperature rise during heating is determined by the cooling power of the substrate, which has a resistive (P res ) and a capacitive (P cap ) contribution, involving the thermal resistance (R t ) and specific heat capacity (C p ), respectively.
Both cooling contributions can be estimated by assuming that the fuse width (W) is smaller than the fuse length (L) and that the film thickness (200 nm) is much smaller than the substrate thickness (t) of 0.5 mm so that the heat flow into the substrate is cylindrical (radius r). Using a logarithmic temperature gradient within the cylindrical part of the substrate that has to be heated during the time to interruption of a fuse (∼1-2 s), the capacitive cooling contribution can be calculated to amount to approximately 25% of the resistive cooling contribution. 7 Because our aim is to calculate the critical electrical parameters to within the same order of magnitude as the experimental data, we neglect the capacitive thermal cooling contribution. This will however not influence the functional dependency of these parameters on W and L. Thus, R t follows from integration of the thermal conductivity (k) between W and t for t >> W
Here it is assumed that k is temperature independent and that for practical devices, where 0.75 m ഛ W ഛ 3 m and t ‫ס‬ 0.5 mm, ln(t/W) is calculated to be approximately equal to 2. Then, according to Eq. (1), the thermal resistance is in first approximation only dependent on the thermal conductivity of the substrate and the fuse length. The thermal power needed to reach the critical temperature is equal to the temperature rise (⌬T c ‫ס‬ T c − T 0 , with T 0 ‫ס‬ 300 K) divided by thermal resistance. Thus, the fuse interrupts when the provided electrical power equals this thermal power. This results in the following relations for the critical current, voltage, and power
Herein, R sq is the electrical sheet resistance of the PANI/CSA line in ohm per square.
This simple static thermal model adequately explains the measured dependency of the electrical parameters on fuse dimensions as presented in Figs. 3 and 4 . Thus, the critical current is independent of the fuse length, whereas the critical voltage and power linearly increase with increasing length. We note that the critical current is expected to scale with the square root of the width. This relation is obscured in the experimental data of Fig. 4 due to the fact that the PANI/CSA sheet resistance increases with decreasing line width for W < 2 m.
The agreement between experiment and model is graphically illustrated by plotting the solid lines in Figs. 3 and 4 , which represent calculated electrical parameters for fuse interruption using Eqs. (2)-(4). Here, a thermal conductivity of 0.8 Wm/°Cm 2 is taken for the glass substrate used in the experiments. 7 The critical temperature of PANI/CSA is 220°C, 5 as estimated from the resistivity measurements, and the PANI/CSA sheet resistance is 4.5 k⍀/ appropriate for 2 m wide lines. To indicate the influence of the substrate material (i.e., its thermal conductivity on the interruption characteristics), the dashed lines in Figs. 3 and 4 were calculated for a polymer substrate having thermal conductivities in the order of 0.2 W · m/°C · m 2 . 7 The calculated lines roughly represent the thermal window to be expected in these and future memory devices. The experimental data fit into the windows obtained.
IV. CONCLUSIONS
In summary, we have found that decreasing the length of the fuse can lower the critical power for interruption. The model indicates that the thermal conductivity of the substrate may also be decreased to achieve this effect. Though variations in fuse width are expected to have a minor effect on the critical power, they determine the currents and voltages at which the fuses interrupt within the power window.
Finally, the demonstration of a memory element consisting of a PANI/CSA fuse that can be interrupted at powers of a few milliwatt or less, deliverable by stateof-art polymer transistors, reveals a viable approach for easy and cheap fabrication of a plastic PROM.
